Polymers of lys (plys) and arg (parg) were found to be efficient Inhibitors of the formation of complexes between low density lipoprotein (LDL) and human chondroltln-6-sulfate-rlch proteoglycans. Displacement curves Indicate that efficiency was dependent on molecular weight Inclusion of alanlne In the polymer up to a 1 : 1 molar ratio (plys.ala) has a moderate effect on displacing capacity. Poly-L-lys (plys) and poly-L-arg ( 
T he deposition of apolipoprotein (apo) B-containing lipoproteins in the arterial extracellular compartment is a characteristic of atherosclerotic lesion development in mammals. Results from immunochemical and biochemical experiments suggest that chondroitin sulfaterich proteoglycans may be responsible for the retention of apo B lipoproteins in the arterial mesenchyma. 1 -0 The associations of apo B lipoproteins with chondroitin sulfate proteoglycans are initially mediated by ionic interactions. This leads to the formation of large lipoprotein aggregates in which the arrangement of lipid and protein moieties is modified. 67 It is possible that such complexes, as well as the structural modifications associated with their formation, are partially responsible for the extracellular accumulation of apo B lipoproteins and their contribution to the transformation of monocyte-derived macrophages into foam cells. 46 Plasma low density lipoprotein (LDL) interacts with arterial chondroitin sulfate proteoglycans 8 and with heparin 9 -10 by means of
These results indicate that polycationic synthetic polypeptides may interfere with the in vitro associations between LDL and arterial proteoglycans and with analogous processes in arterial tissue. One of the proteoglycan-binding regions of apo B-100 is located within the putative receptor ligand segment. 13 Therefore, it was important to assess whether synthetic basic polypeptides might also affect the cellular LDL uptake. The experiments described below were designed to 1) define some structural parameters of the synthetic polycationic polymers that influence LDL-proteoglycan interactions and 2) to evaluate the effect of selected poly-L-lysine on LDL uptake by fibroblasts and arterial segments.
Methods

Arterial Proteoglycans
The isolation of chondroitin sulfate-rich proteoglycans from human aortas was modified to obtain an electrophoretically homogeneous LDL-complexing preparation. 8 Intima-media minces were prepared from human aortas obtained at necropsy within 12 hours of accidental death and were extracted for 24 hours with 15 volumes of 6 M urea, 1 M NaCI in the presence of 10 mM of ethylenediaminetetraacetate (EDTA), 1.0 mM of phenyl-methylsulfonyl fluoride (PMSF), 5 mM of benzamidine-HCI, 10 mM of n-ethylmaleimide, and 10 mM of eaminocaproic acid as protease inhibitors. We have used 6 M urea, 1 M NaCI because of a better yield of hexuronate-containing material than with 4 M guanidine-HCI (0.98 mg/g wet tissue weight vs. 0.48).
After centrifugation at 100 000 g for 60 minutes, the supernatant was dialyzed for 48 hours against four volumes of 6 M urea with the enzyme inhibitors to reduce the NaCI concentration to 0.25 M. Fifty milliliter portions of the dialyzant were loaded in a 10x1.5 cm DEAE-Sephacel column (Pharmacia Fine Chemicals, Uppsala, Sweden) equilibrated with 6 M urea, 0.25 M NaCI, 10 mM CaCl2, and 0.05 M acetate buffer (pH 4.2) containing the enzyme inhibitors. The column was washed with 100 ml of the initial buffer to eliminate most of the contaminant protein.
A 0.25 to 1.0 M NaCI 100 ml linear gradient was passed at 20 ml/hour. Two well-separated 280 nm absorbing peaks were obtained, with maxima at 0.4 and 0.6 M NaCI. The first peak contained little hexuronic acid and no LDL-complexing capacity. When expressed in terms of micrograms of LDL cholesterol precipitated per microgram of hexuronic acid, more than 80% of the lipoproteincomplexing capacity of the initial extract was associated with the second peak after dialysis. Upon cellulose acetate electrophoresis in 0.2 M CaC^, a papain-treated sample moved as a single band with some tailing in a position similar to that of a commercial sample of chondroitin-6-sulfate from shark skin (Sigma, St. Louis, MO). High-performance liquid chromatography of the unsaturated disaccharides produced by chondrortinase AC and ABC indicated that the giycosaminoglycans of this preparation contained 57% chondroitin-6-sulfate, 20% chondroitin-4-sulfate, and 13% dermatan sulfate. The protein content was 17% when the hexuronate determination was used as a measure of the glycosaminoglycan content. This preparation was labeled CSPG (for details of the methods used to characterize the preparation, see reference 14).
Upoprotelns LDL (1.019 to 1.063 g/ml) were isolated from human plasma in the presence of 1 mg/ml of Na-EDTA and 2 mM of PMSF by using differential ultracentrifugation in KBr solutions. 18 The LDL was stored in KBr at 2°C with EDTA and PMSF and was used within a week of its preparation; its homogeneity was tested by agarose isoelectric focusing. Before performing the competition experiments, LDL was equilibrated with buffer-1 consisting of 5 mM of Tris-HCI (pH 7.2), 10 mM of CaCI 2 , 2 mM of MgCI 2 , 0.2 mM of PMSF, and 0.2 mM of NaN 3 .
Portions of LDL were labeled with 126 I by using ICI 16 or radioiodinated tyramine cellobiose (TC). 17 The labeled and unlabeled LDL from the same donor were mixed and equilibrated with perfusion media before use. The specific activities were between 24 and 40 cpm/ng of LDL protein for the perfusion experiments. For both types of labeling, more than 95% of the radioactivity was precipitated by 15% (wt/vol) trichloroacetic acid.
Synthetic Polypeptides
The homopolymers and heteropolymers used are listed in Table 1 . With the exception of apo B P-2, all were purchased from Sigma. The listed molecular weights are those indicated by the manufacturer for the specific lot and were obtained by laser light scattering. Apo B P-2 was synthesized by Ferring AB (Malmo, Sweden).
Displacement Experiments
One milliliter aliquots of CSPG containing 2.5 fig of hexuronate in buffer-1 were placed in conical 1.5 ml capped polyallomer tubes. Aliquots of LDL in buffer-1 were added to obtain concentrations of 50, 100, and 200 nM of LDL (apo B). The tubes were then shaken by hand, and the insoluble CSPG-LDL complex was allowed to form at 20±2°C for 30 minutes. After this, aliquots of the competing synthetic polypeptides were added in increasing concentrations to the tubes. The final volume was maintained at 1.20 ml by addition of the appropriate amounts of buffer-1. The tubes were mixed by hand, and displacement was allowed to take place for 30 minutes.
The tubes were then centrifuged for 10 minutes at 10 000 rpm in a Beckman microfuge E with angle rotor (Beckman Instruments, Palo Alto, CA). The supernatant was carefully discarded, and the tubes were washed with 1 ml of buffer-1, were mixed by hand, and were centrifuged for 5 minutes. After carefully withdrawing the supernatant, the CSPG-LDL pellets were suspended in 0.1 ml of 0.1 M Tris base. To measure the amount of LDL-CSPG complexes, 1 ml of ethanol was added to each tube, was stirred mechanically for 30 seconds, and was then quantitatively transferred to test tubes, where the LDL cholesterol was measured spectrophotometrically. 18 Tubes containing only the CSPG and LDL were used to establish a maximum of complex formation, while tubes containing buffer-1 and LDL were used to subtract the contribution of the LDL cholesterol adsorbed unspedfically to the tube walls. Under these conditions, the effect of the synthetic polypeptides can be interpreted as true displacement curves, since we were measuring their capacity to dissociate the CSPG-LDL complex at equilibrium. The results can therefore be represented as absolute or percent inhibition on displacement sigmoid curves or logit-log (indirect Hill) linear plots. From these, the concentration of a compound that inhibits specific binding by 50% at equilibrium can be calculated. The zero intersection of the regression lines on the Hill plots allowed a more precise evaluation of this value than the sigmoid curves.
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Agarose Isoelectric Focusing
Thin agarose isoelectric focusing of LDL was performed on 0.5 mm thick gels prepared with 1 % (wt/vol) isoelectric focusing agarose, 10% (wt/vol) sorbitol, and 5% (vol/vol) pharmalyte 4-8 on gelbond films. The gels were run for 150 V-hours at 2 W in a Phastsystem. Both the reagents and the instrument were purchased from Pharmacia. The final pH gradient was measured directly on gel segments and also with the use of calibration proteins. LDL bands were made visible by Coomassie brilliant blue staining. In experiments with LDL, the bands were located by sequentially cutting 2 mm segments of the dried gel.
Cellular Binding of Upoprotelns
Human fibroblasts were obtained from skin biopsies of healthy volunteers. A 3 mm diameter circular biopsy was taken with a Chonchotome from the forearm of the subjects. No anesthesia was necessary for this procedure. After dissection of the dermis from the epidermis, small pieces were placed in 30 mm plastic culture plates beneath a cover slip, in Eagle's minimum essential medium with 10% fetal calf serum. After approximately 3 weeks, sufficient out-growth of fibroblasts had taken place to allow harvesting with trypsin.
The cells were passaged by using trypsin once every week at a split ratio of 1:2. At the fourth to fifth passage, during the logarithmic growth phase, the cells were exposed to a medium with 10% lipoprotein-deficient human serum. After 24 hours in this medium, the cells were incubated in Eagle's minimum essential medium containing human LDL labeled with 125 I-TC and various concentrations of poly-L-lysine (18.3 kD). These incubations were carried out for 6 hours at 4°C. The cells were then washed with Dulbecco's phosphate-buffered saline three times, 0.1 M NaOH was added to detach the cells, and radioactivity and protein content in the cell fraction were evaluated.
In Vitro Perfuslon System
The in vitro perfusion system for rabbit aortas has earlier been described and characterized in detail. 20 Briefly, the aorta is first perfused in situ with culture medium. During perfusion, it is carefully taken out and transferred to a dish containing oxygenized medium. In the medium, the adventitia is dissected away, and the intima-media preparation is cut into segments that are mounted in incubation chambers. In the present study, the nonhomogeneity of the atherosclerotic aortas was compensated for by placing alternating segments of each aorta into two or three chambers. Each chamber containing three segments was then perfused with different concentrations of poly-L-lysine in Eagle's minimum essential medium with Earie's salt, 0.8 mg/ml sodium bicarbonate, 1% nonessential amino acids, and 20 mM HEPES containing 6% bovine albumin and 10% rabbit lipoprotein-deficient serum.
The viability of the tissue during incubation has earlier been tested by analyzing oxygen consumption, lipid synthesis, uptake of Evan's blue, and by electron microscopic studies. 20 These studies indicate that the tissue Is viable for at least 48 hours. Atherosclerosis was induced in New Zealand White rabbits by combining endothelial injury and cholesterol feeding. To induce endothelial injury, rabbits were anesthesized with ketamine (25 mg/ kg) and Rompuran (10 mg/kg). An arterial embolectomy catheter (size 4F, Shirley, Irvine, CA) was introduced through the right femoral artery up to the aortic arch. The balloon was filled with 0.4 ml saline and was withdrawn through the entire aorta three times.
On the day of injury, the rabbits were placed on a diet of regular feed supplemented with 1 % (wt/wt) cholesterol. After 8 to 10 weeks, the rabbits were sacrificed, and the aortas were removed for the perfusion experiments. Plaques with intimal thickening and lipid deposition were observed along the entire aorta. The thoracic aorta was removed and dissected free from adventitia as described, 20 and segments were mounted in the incubation chambers. To study the effect of synthetic peptides on the LDL uptake, the aortic segments were perfused with medium containing 125 I-LDL with or without poly-L-Lys (18.3 kD). After incubation, the pieces were rinsed twice with saline for 10 minutes. The radioactivity in whole tissue was measured in a gamma counter (Rackgamma, LKB, Bromma, Sweden). To evaluate the amount of free 125 I at the end of the experiments, the tissue segments were homogenized and precipitated with trichloroacetic acid (TCA). In all the experiments, more than 95% of the radioactivity associated with the tissue was TCAinsoluble. There was a considerable variation in the degree of atherosclerosis between aortas and consequently also in LDL uptake. To be able to summarize the different experiments, we therefore normalized the data from each aorta. The average uptake into the control segments incubated without poly-L-lysine was taken as 100%. The uptakes for all segments from that aorta were then expressed in relation to this average.
Analytical Procedures
The methods for protein determination, hexuronate evaluation, electrophoresis of glycosaminoglycans, and high-performance liquid chromatography of unsaturated disaccharides have been described.
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Statistical Methods
For the statistical evaluation of the relative LDL uptake in aortic tissue under different conditions, the nonparametric Mann-Whitney U test was used, utilizing the Statgraphics program for PC (Statistical Graphics, Rockville, MD). at low ionic strength. Rgure 1B shows the association of poly-L-lysine with LDL and the formation of insoluble complexes in a separate set of tubes with no proteoglycan present. These curves support the proposed mechanism for the curves of Rgure 1A. The efficiency of displacement was strongly dependent on the molecular weight of the pofypeptjdes. Rgure 2 shows the log-logit plots (indirect Hill plots) for pory-L-lysines ranging from 3.3 to 39 kD, which clearly indicate how the displacement efficiency increased with molecular weight. The ICM values (the amount of inhibitor capable of displacing 50% LDL) at the zero intercept were strongly dependent on size. The addition of pory-L-lysine beyond the maximal values required for total dissociation of the complexes led to aggregation of the LDL for all the polymers tested (as in Rgure 1). This again suggests that the addition of the polymer above the concentration required to saturate the CSPG results in formation of LDL aggregates.
Results
Effect of Basic Polypeptides on LDL-Proteoglycan Complexes
Poly-L-arg and poty-L-lys of similar molecular weight were also similar in displacing efficiency. In Table 1 are listed the concentrations of the peptides that displaced 50% of the LDL from its complexes with CSPG (IC50). Also found in Table 1 are the inhibitory capacities of basic heteropolymers. Inclusion of alanine into poly-L-lys up to a 1:1 ratio has a modest effect on its displacing effl- ciency, whereas inclusion of tryptophan into poly-L-rys or poly-L-arg in a 4^1 ratio reduced efficiency ( Table 1) .
The binding of LDL to arterial proteoglycans and to heparin is mediated by basic regions of the apo B-100 porypeptjde. 88 One region is the segment 3359-3377 with the sequence: 
ARG-LEU-THR-ARG-LYS-ARG-GLY-LEU-LYS-LEU-ALA-THR-ALA-LEU-SER-LEU-SER-ASN-LYS
with six positive charges in a segment of 19 amino acids. This peptide, designated apo B P-2, competes with LDL in its interaction with CSPG as can be seen in Table 1 . However, poly-L-lys of similar molecular weight (poly-L-lys 3.3 kD) proved to be 100 times more efficient. These results led us to hypothesize that if one of the trapping mechanisms for LDL in the arterial intima is its association with arterial proteoglycans, the porytysines may interfere with the deposition of LDL. This working hypothesis was experimentally tested with the in vitro perfusion system.
Action of Poly-L-tyslne on Cellular LDL Binding
As expected, a saturable binding of the TC-labeled LDL was obtained with the receptor-expressing fibroblasts ( Figure 3 ). Poly-L-lysine increased this uptake in a dose-dependent fashion, with the effect being exerted primarily on the high-affinity binding region.
Effect of Poly-L-lyslne on LDL Accumulation In Aortic Segments
For these experiments, poly-L-rys of 18.3 kD was selected because of its high LDL-CSPG dissociating capacity (ICM, 8.9 nM) and an intermediate molecular weight that would not limit its penetration into the arterial intima. In the first set of experiments, aortic segments were initially incubated with poly-L-lys for 12 hours. 25.7% (p=0.09, n=3) (Figure 4) . At a 10:1 polytys/LDL molar ratio, the average reduction was 23.4% (p=0.02, n=6).
Beyond a 1 : 1 molar ratio, poly-L-lys interacts with LDL in the perfusion media. This increases its isoelectric point range as can be observed in Figure 5 . However, up to a 16 : 1 molar ratio, LDL remained in solution in the perfusion media with no visible change in its hydrodynamic volume as determined by gel exclusion chromatography. This indicated that the modification of isoelectric point was due to the binding of a few molecules of poly-L-lys of 18.3 kD to LDL particles with more than 2000 kD in molecular weight. The reduced LDL uptake by the aortic segments can be caused by association of the basic porypeptide with arterial components or by the interaction between LDL and poly-L-lys in the perfusion media.
To discriminate between these possibilities, perfusion experiments were performed in which the aortic segments were "pre-perfused" for 24 hours with media containing the poly-L-lys but lacking the LDL. Afterwards, the chambers were emptied and washed for 3 hours with media without additives. Finally, perfusion was continued with medium containing 1ZS I-LDL (0.25 mg/ml, 0.5 pM) for 24 hours. As controls, aortic segments were preincubated with medium containing no poly-L-lysine. For each of two aortas, three control segments were incubated. The average LDL uptake in the control segments corresponded to 33.5 and 57.5 nl medium/mg wet weight/day, respectively. When the tissue was pre-perfused with poly-L-lys at a concentration of 0.5 /iM, uptake was reduced by an average of 10% (p=0.13, n=6), while pre-perfusion with 5 /tM (10:1 poly-L-lys/LDL molar ratio) polylysine reduced uptake by 20.3% (p=0.015, n=6) ( Figure 6 ). This reduction was similar to that obtained when pory-L-lys and LDL were present together in the perfusion chamber.
Discussion
The possibility of interfering with the extracellular interactions that appear to mediate LDL accumulation in the arterial mesenchyma during atherogenesis is not a new idea. Experimental data that suggest that this is possible have been published. Sirtori et al. 21 used continuous infusion into rabbits of duodenal or arterial surfated proteoglycans to reduce the deposition of labeled lipoproteins in arterial irrtima. On the other hand, Day et al. 22 used intjma-media disks and were able to establish an order of inhibitory effectiveness of heparin>C-6-surfate>C-4-sulfate on the binding of apo B lipoproteins from hypercholesterolemic rabbits. Recently Srinivasan et al. 4 found a lower aortic uptake of LDL, which was precomplexed with heparin and injected into rabbits, compared to native LDL Our results indicate that basic polypeptjdes block and dissociate LDL binding to isolated arterial proteoglycans, and also interfere with the LDL binding sites in arterial tissue components, probably proteoglycans. We have used basic polypeptjdes with a measured high affinity for sulfated proteoglycans as agents for the in vitro dissociation of LDL-arterial chondroitin sulfate proteoglycan complexes. The random coil structure of polylysines and potyarginines, as well as the flexibility of the glycosamino- glycan chains, should favor the multiple point attachment and high extent of occupancy required for the observed total displacement of LDL from the complexes. Most likely there is appreciable cooperative interaction, and this may be the reason for the strong dependence on molecular weight observed.
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The experiments with the heteropolymers, which contain increasing proportions of alanine, indicate that a substantial dilution of the charge density is allowed before affecting its displacing capacity. This suggests that there are more charges in the homopolymers than those required for efficient interaction with the proteoglycan. The poly-L-lys,trp (4:1); poly-L-lys,ala (3M); poly-L-arg,trp (4:1); and poly-L-arg,ser (3M) used were not of identical molecular weight, making comparison difficult. However, the differences observed in displacing capacity indicate that the inclusion of a bulky, aromatic amino acid reduces the displacing efficiency of basic polypeptjdes, whereas a small polar serine increases it.
It should be pointed out that the competition experiments presented here were conducted at ionic strengths lower than the physiological ones. This results in a doubling or tripling of the affinity of the LDL for CSPG and the formation of insoluble aggregates, which facilitate the evaluation of factors controlling these interactions. 8 However, soluble complexes of LDL with CSPG and glycosaminoglycans have been studied at physiological conditions, and the basic mechanisms of such associations appear to be the same. 2 The measurement of changes in LDL isoelectric point induced by the addition of polylysine to the tissue perfusion media ( Figure 5 ) are a clear indication of the formation of LDL-polytysine soluble complexes at physiological ionic conditions. Cellular binding of LDL was increased when polylysine and lipoproteins together were added to fibroblasts. This could be due to an association between LDL and the polytysine, leading to an increment of the affinity of the lipoprotein for the cluster of negatively charged aminoacids of the cell surface. The exact mechanisms for these effects may be beyond the scope of the present study but indicate that the inhibition of LDL uptake in the arterial tissue cannot be explained by direct interference with cellular LDL binding and uptake.
An increased uptake and retention of LDL in arterial tissue after endothelial injury or in atherosclerotic tissue has been shown by several investigators.
2023 - 26 In the present study, atherosclerosis was induced in rabbits by a combination of endothelial injury and cholesterol feeding. A detailed analysis of the effects of endothelial injury in this system indicates that the influx of lipoproteins is higher when endothelium is absent, but retention of LDL over 24 hours may be quite as high in re-endothelialized areas 20 (Olsson et al., unpublished observations).
The experiments with arterial tissue segments indicate that poly-L-lysine interferes with the uptake and retention of LDL by the arterial tissue. As soon as 24 hours after incubation, a significant reduction was detected. Together with the above experiments on cells, this suggests that reduction of extracellular binding may be the most important contributor to the effect. This notion is supported by the observation that little LDL radioactivity is located intracellularty at this time. 20 Although there are other possible effects that could have contributed to the observed reduction of LDL uptake in the presence of polylysine in the arterial segments, three lines of reasoning suggest that LDL interaction with arterial proteoglycans is at least partially responsible.
First, similar inhibition was observed in experiments where LDL and polylysine were added together, where the tissue was pre-incubated with polylysine, and where LDL was added in separate medium after washing of the perfusion system. This indicates that the effect is tissue mediated. Second, similarly low concentrations of poly-L-lys were required for the partial inhibition of LDL uptake by the aortic segments and for the dissociation of LDL-CSPG complexes in test tubes. Third, there are few other matrix components with which polycations could interact as readily as they do with sulfated proteoglycans.
11 ' 12 Because the above results were obtained with homopolymers and random sequence heteropolymers, more precise conclusions about structure-effect relationships must await similar experiments with peptides of known sequences. However, some of the effects were clear and indicate that more efficient structures could be designed around an optimal charge distribution with specific sequences. The results show that the efficacy of potentially better inhibitors could be studied in the test tube and with an in vitro perfusion system that preserves the architecture of the arterial wall. A parallel pattern of inhibitory strength may be taken to support the hypothesis that the basic phenomenon of interference with LDLsulfated proteoglycan interactions is similar in the test tube and in arterial tissue.
